Results of behavioral genetic and molecular genetic studies have converged to suggest that genes substantially contribute to the development of attention deficit/hyperactivity disorder (ADHD), a common disorder that onsets in childhood. Yet, despite numerous linkage and candidate gene studies, strongly consistent and replicable association has eluded detection. To search for ADHD susceptibility genes, we genotyped approximately 600,000 SNPs in 958 ADHD affected family trios. After cleaning the data, we analyzed 438,784 SNPs in 2803 individuals comprising 909 complete trios using ADHD diagnosis as phenotype. We present the initial TDT findings as well as considerations for cleaning family-based TDT data. None of the SNP association tests achieved genome-wide significance, indicating that larger samples may be required to identify risk loci for
Introduction
With a prevalence of eight to twelve percent worldwide (Faraone and others 2003) , attention deficit/hyperactivity disorder (ADHD) is among the most common childhood psychiatric disorders. ADHD is characterized by developmentally inappropriate levels of hyperactive, impulsive and inattentive behaviors that give rise to significant clinical and psychosocial impairments. The disorder is clinically heterogeneous with considerable variation in the profile of the core symptoms of hyperactivity, impulsivity and inattention and the pattern of associated comorbidities (Faraone 2005) . In spite of this heterogeneity and some shift in diagnostic criteria (American Psychiatric 1987) , ADHD is among the best-validated childhood diagnoses from clinical, longitudinal and neurobiological perspectives (Faraone and Biederman 1998) (Faraone and Biederman 2000) (Faraone 2006) (Faraone and Biederman 2004) . This feature, along with observations that family members of children with ADHD are at elevated risk for ADHD (Morrison and Stewart 1971) (Chen and others 2008) and that the heritability of ADHD is in the region of 60-90% with an average across studies of 76%, makes this condition a promising target for molecular genetic studies (Faraone and others 2005) (Faraone 2004 ).
In the search for ADHD susceptibility genes, several groups have conducted genome-wide linkage scans. A study of 126 American affected sib-pairs found three regions showing some evidence of linkage (LOD scores >1.5): 5p12, 10q26, 12q23, and 16p13 (Fisher and others 2002 ). An expanded sample of 203 families found stronger evidence for the 16p13 region with a maximum LOD score of 4 (Smalley and others 2002) . A study of 164 Dutch affected sibpairs found a peak LOD score of 3.5 at 15q15, with suggestive linkage signals also on chromosomes 4p16, 7p13, 9q33 and 13q33 (Bakker and others 2003) . A genome-wide scan of families from Columbia implicated 8q12, 11q23, 4q13, 17p11, 12q23, and 8p23 (Arcos-Burgos and others 2004). A study of 155 sib-pairs from Germany reported a maximum LOD score of 2.59 for chromosome 5p at 17cM, and also reported nominal evidence for linkage to chromosomes 6q, 7p, 9q, 11q, 12q and 17p, which had been identified in previous scans (Hebebrand and others 2006) . Linkage analysis in a sample of mixed ethnicity revealed some evidence for risk loci on chromosome 8 and 15 in an affected sib pair design in 217 families (Faraone and others 2007) . A study of 142 combined type ADHD affected sibling pairs from the International Multicentre ADHD Genetics (IMAGE) study, including some of the probands included in this study, implicated regions on 16q23 (LOD=3.1) and 9q22 (LOD=2.1) reported in some of the previous scans (Asherson and others 2008) . Finally, using quantitative trait measures of ADHD in the IMAGE sample, a locus at 1p36 that overlaps with the dyslexia locus DYX8, was identified with an empirical genome-wide significance of 0.05 (Zhou and others in press) . None of these linkage findings has yielded a replicable association, but suggest there may be some molecular Although there is some overlap in nominally significant linkage peaks among studies, there is no evidence for the replication of a genome-wide significant finding using strict criteria (Lander and Kruglyak 1995) . Given the fact that linkage studies are predominantly suited to pick up genetic factors of strong effect (>10% of the variance), the most likely conclusion we can draw from these studies is that the average effects of specific genes influencing ADHD-risk, as with most complex traits, cannot be very large. Furthermore, the observed heritability may be the consequence of additive and interaction effects involving multiple genetic and environmental risk factors (Kuntsi and others 2006) . This, in turn, suggests that the discovery of ADHD genes will need to rely on the method of association applied to either targeted candidate genes (Brookes and others 2006) (Wang and others 2006) or a genome-wide association scan (GWAS). Although the testing of candidate genes has produced some consistent results in meta-analyses (Faraone and others 2005) , with two variants within or close to the dopamine D4 and D5 receptor genes even reaching genome-wide levels of significance (Li and others 2006) , this approach is limited by the need to specify candidate genes. Thus, to discover novel biological pathways and common variants for ADHD, we have applied the method of genomewide association analysis to a large series of ADHD parent-child trios.
Methods

Subjects
Families were collected by the International Multicenter ADHD Genetics (IMAGE) project. Families were identified through ADHD probands aged 5 to 17 attending outpatient clinics at the data collection sites in Europe and Israel. A total of 958 affected proband-parent trios were initially selected for the GWAS scan. Family members were primarily of Western European origin hailing from eight countries including Belgium, Germany, Ireland, Israel, the Netherlands, Spain, Switzerland, and the United Kingdom. Of these, 893 probands were initially ascertained as having DSM-IV combined type ADHD. Sixty-five probands who did not meet combined subtype ADHD diagnosis were included because they either met the criteria for the inattentive or hyperactive subtypes, or they missed the DSM-IV combined type diagnosis by a single item. Exclusion criteria were autism, epilepsy, IQ < 70, brain disorders and any genetic or medical disorder associated with externalizing behaviors that might mimic ADHD.
Clinical Measures
Prior to entry into the study, all probands underwent clinical evaluations by a pediatrician or child psychiatrist and both existing and new patients were included in the study. Patients had to meet clinical criteria for ADHD-combined type before being enrolled in the study. Wherever possible, families withdrew stimulant medication for one week prior to research assessments to allow for more accurate ascertainment of the current level of ADHD symptoms and behaviors. Alternatively we ensured as far as possible that ratings were based on medication free periods. Probands were excluded from the study if the last medication free period was more than 2 years ago.
Parental Account of Childhood Symptom (PACS)-PACS is a semi-structured, standardized, investigator-based interview developed as an instrument to provide an objective measure of child behavior (Taylor and others 1986) . A trained interviewer administers PACS with parents, who are asked for detailed descriptions of the child's typical behavior in a range of specified situations. Such situations are defined either by external events (e.g. watching television, reading a book or comic, playing alone, playing with friends, going to bed, traveling) or by behaviors shown (e.g. crying, worried talk, tempers, fighting with siblings). Interviewers then make their own ratings on the basis of a formal training and written definitions of the behaviors to be rated, on a 4-point scale of severity and frequency in the previous week and previous year. Inter-rater reliability is high with product-moment correlations for pairs of interviewers ranging from 0.79 to 0.96. The Hyperactivity subscale is made up of attention span (time spent on a single activity, rated separately for four different kinds of activity), restlessness (moving about during the same activities), fidgetiness (movements of parts of the body during the same activities), and activity level (rated for structured situations such as mealtimes and car journeys), with other subscales covering defiant, emotional and other comorbid disorders including autistic spectrum disorders.
Rating Scales-Rating scales used to quantify ADHD symptoms included the Long Version of Conners' Parent Rating Scale (CPRS-R:L), Long Version of Conners' Teacher Rating Scale (CTRS-R:L), parent version of the Strengths and Difficulties Questionnaires (SDQ) and teacher version of SDQ (Conners 1996) . In order to exclude autism spectrum disorders that might confound the analysis of ADHD, both probands and siblings were screened using the Social Communication Questionnaire in conjunction with the pro-social scale from the SDQ. Individuals falling above these thresholds were further evaluated using the autism spectrum disorder section of the PACS interview. DSM-IV Diagnoses-A standardized algorithm is applied to PACS to derive each of the 18 DSM-IV ADHD items, providing operational definitions for each behavioral symptom. These are combined with items that scored 2 or 3 from the teacher rated Conners' ADHD subscale, to generate the total number of items from the DSM-IV symptom checklist. Situational pervasiveness was defined as some symptoms occurring within two or more different situations from the PACS interview, as well as the presence of one or more symptoms scoring 2 or more from the ADHD subscale of the teacher rated Conners'. Several probands in the initial sample (prior to QC) only met criteria for DSM-IV inattentive subtype (N=13), hyperactive subtype (N=33) or missed one of the ADHD diagnoses by a single item on the structured interview (N=19). We retained these latter families because, upon review of the medical record and structured interview data, the ADHD diagnosis was confirmed.
Genotyping
Genotyping was conducted at Perlegen Sciences using their 600K genotyping platform, which comprises approximately 600,000 tagging SNPs designed to be in high linkage disequilibrium with untyped SNPs for the three HapMap populations. This study is part of the Genetic Association Information Network (GAIN), a public-private partnership of the Foundation for the National Institutes of Health, Inc. (FNIH) that currently involves the National Institutes of Health (NIH), Pfizer, Affymetrix, Perlegen Sciences, Abbott, and the Eli and Edythe Broad Institute (of MIT and Harvard University) (http://www.fnih.org/GAIN2/home_new.shtml). The DNA was extracted from blood for all samples and stored at the Rutgers depository. Genotype data were cleaned by The National Center for Biotechnology Information (NCBI). Quality Control analyses were processed using the GAIN QA/QC Software Package (version 0.7.4) developed by Gonçalo Abecasis and Shyam Gopalakrishnan at the University of Michigan. A copy of the software is available by e-mailing gopalakr@umich.edu or goncalo@umich.edu.
The quality control procedure can be broadly split into two categories: individual/family removal and SNP removal. Sample exclusion criteria and SNP exclusion criteria are found in Table 1 and 2, respectively.
Our key data quality control consideration presented in table 2 is the call rate conditional on minor allele frequency. Missing (Hirschhorn and Daly 2005) or inaccurate (Cutler and others 2001) (Gordon and others 2002) genotype data has been shown to introduce artefactual association in family-based settings, with low minor allele frequency SNPs being particularly sensitive to these effects. Thus our primary quality control consideration was to carefully evaluate the joint effect of call rate and minor allele frequency (MAF) on our association tests. We binned SNPs into categories defined by MAF (0-1%, 1-2%, 2-3%, 3-4%, 4-5%, 5-10%, and 10-50%) and call rate (90-95%, 95-96%, 96-97%, 97-98%, 98-99%, and 99-100%). Then the distribution of association test statistics was inspected for each of these cells, with a particular focus on the λ(defined as the observed median χ 2 divided by the expected median χ 2 ). Based on these distributions, we selected SNPs under the following three conditions: 0.01 ≤ MAF < 0.05 and call rate ≥ 99%; 0.05 ≤ MAF < 0.10 and call rate ≥ 97%; and 0.10 ≥ MAF and call rate ≥ 95%. The SNPs from these three conditions comprise the primary set for analysis. As a way of generating a secondary and "super-clean" set of SNPs, we can remove the SNPs that failed the quality control metrics for the other two GAIN Perlegen studies (for Major Depression Disorder (MDD) and Psoriasis). Such a selection approach is premised that the individual assay may not generally perform well, and these SNPs were included in our study, because of random variation in the quality control metrics. From the MDD filtering, an additional 49,707 SNPs are lost (~48K because of low call rates) yielding 389,077. From the Psoriasis filtering, an additional 3,942 SNPs are lost yielding 385,134.
Statistical Analyses
We used the transmission disequilibrium test (TDT) (Spielman and others 1993) as implemented in PLINK. To determine the quality of the genotype calling in the top of the distribution, we also inspected the cluster plots of the intensity for the genotypes(Anney and others submitted). In addition to performing the basic TDT, we attempted to identify any sources of potential bias, by attempting to predict the TDT χ 2 test statistic as a function of major versus minor allele over-transmission at the locus. We also explored the existing candidate genes from the ADHD literature, to place the potential effects in context. We examined two sets of candidates. The first set comprises genes that have showed significant association with ADHD in meta-analyses performed by Faraone and colleagues (Faraone and others 2005) . These are SNAP25, DRD4, SLC6A3, HTR1B, SLC6A4, and DBH. The second set consists of genes that had been nominated by the study investigators as good candidates for ADHD, based on a previous in depth analysis of 51 genes using an overlapping set of samples with this study (Brookes and others 2006) , and own research. These are: NR4A2, PER2, SLC6A1, DRD3, SLC9A9, HES1, ADRA2C, ADRB2, ADRA1B, DRD1, HTR1E, DDC, STX1A, ADRA1A, NFIL3, ADRA2A, ADRB1, SLC18A2, TPH1, BDNF, FADS1, FADS2, ADRBK1, ARRB1, DRD2, HTR3B, TPH2, SYT1, HTR2A, SLC6A2, ARRB2, PER1, PNMT, CHRNA4, COMT, ADRBK2, CSNK1E, MAOA, MAOB, and HTR2C. A meta-analysis of COMT strongly suggest no role for ADHD (Cheuk and Wong 2006) .
Multiple Testing
Our approach for dealing with multiple testing is to require genome-wide association significance to assert that a putative finding is a true positive. Recently, two papers have detailed an estimate for the effective number of independent tests in the genome (Dudbridge and Gusnanto 2008; Pe'er and others 2008) . Both of the papers identified approximately 5×10 −8 as the threshold for significance. We recognize that this may be a conservative approach, but this dataset is the first step in identifying risk variation for ADHD, not the final word.
Power
To assess the effect sizes detectable for our sample size, we performed power calculations assuming four different models and a number of variants associated with ADHD ranging from one to one hundred. The results are shown in Figure 1 . Given our sample size, we should have been able to detect at least 1 association at a P-value of 5×10 −8 , for an odds ratio of 1.3 and a minor allele frequency of 0.20.
Results
After the quality control procedures, 438,784 markers were adequate for use in the statistical analyses. A summary of the sample tested in the full TDT on the Perlegen arrays is listed in table 3. We restricted our TDT analysis to a subset of 909 complete family trios to prevent bias in the association statistic (Curtis and Sham 1995) .
The Q-Q plot presented in Figure 2 illustrates the distribution of p-values from the SNPs in the TDT test. We observed a mild inflation across the distribution of association test statistics with a lambda of approximately 1.03. Splitting the dataset into groups of SNPs for which either the major or minor allele was over-transmitted yielded 222,089 and 208,836 SNPs respectively (McNemar χ 2 = 407, P-value 10 −90 ). The justification for the use of the paired McNemar χ 2 test is Mendel's law of segregation, as there is no expectation for a major or minor allele at a locus being overtransmitted. Furthermore, the median χ 2 for the major and minor allele overtransmission was dramatically different (0.4899 and 0.4488 respectively, yielding λ's of 1.077 and 0.9864). By removing additional SNPs that had failed QC in the MDD GAIN study, the median χ 2 for major and minor allele transmission improved to 0.4836 and 0.4496, respectively. Similar improvement was observed when excluding the Psoriasis SNPs as well, with median chi squares of 0.485 and 0.4496.
Additionally, we endeavored to model the size of the χ 2 test as a function of MAF and call rate. MAF shows no effect on the χ 2 , but call rate did show significant predictive power on this measure (p<10 −10 ). However, the effect size was not particularly large, with the lowest call rate class, 95%, having a χ 2 which was 0.164 larger than that of a non-missing SNP. As an additional check, we visually examined the cluster plots for our highest ranking SNPs to ensure the quality of these data. Such endeavors removed 468 SNPs from the top 2,000.
As missingness accounted for the vast majority of SNPs being excluded from the MDD and Psoriasis datasets and showed the most predictive power on the χ 2 , we explored the effect of non-random missingness on the TDT (see Supplementary Methods). Based on the observation that a small discrepancy in missing rates for each genotype class can yield the pattern of overtransmission of the major allele, we decided to keep all of the SNPs based on our original cleaning and apply the lambda correction. Upon application of the lambda we corrected for the overrepresentation of major allele overtransmission in the top end of the distribution. The top 25 hits from the uncorrected and lambda applied TDT results can be found in tables 4 and 5 respectively. These results are independent at an r 2 > 0.8. As none of these results are genomewide association significant, exploring the biological relevance to ADHD would be premature. Figure 3 presents the QQ plot for all GAIN SNPs in or near the candidate genes described in the methods section. Mild inflation is observed in the P-value distribution, suggesting that there may be weak evidence for association with ADHD for these candidate genes in the current study. However, none of SNPs in these genes show convincing evidence of association, i.e., none achieved genome-wide significance.
Discussion
We have completed the first genome-wide association scan of ADHD on a sample of 909 complete proband-parent triads with a child with the combined subtype of ADHD from the IMAGE project. We found no genome-wide significance for any SNP in this initial scan. These findings suggest that risk variants for ADHD must have very small average effects at the population level, conferring odds ratios of 1.3-1.4 at best and in many cases much lower. If this inference is correct, much larger samples will be needed to reliably detect ADHD susceptibility genes.
These negative results indicating the existence of very small genetic effects when individual variants are considered alone is not surprising given the recent results of initial examinations of other psychiatric disorders (e.g. bipolar disorder and schizophrenia) (Sklar and others 2008) . For some complex diseases such as Type II Diabetes and Crohn's disease mapping of one or a small number of disease-associated variants was successful in studies with similar sample sizes to the present study, but the vast majority of findings have emerged with the incorporation of multiple scans involving sample sizes many times larger than the one presented here (Rioux and others 2007) (Saxena and others 2007) and in most cases consisted of genetic loci conferring odds ratio in the regions of 1.1 -1.4. While no single SNP achieved genome-wide association significance, there is likely to be some association signal in our data. The identification of this signal, however, requires additional data to improve the significance.
The general expectation from GWAS of complex disorders is for multiple genes of very small effect (Altshuler and Daly 2007) . Backward power calculations on some of the initial true results from these diseases, however, indicate that many of the identified candidates were extremely unlikely to be detected from the initial study (Altshuler and Daly 2007) . Thus, these initial studies were either fortunate or many such effects (potentially one hundred or more) with a similar effect size should be postulated. In this study we have not been fortunate, insofar as we did not identify a variant above genome-wide significance, which we define as 5×10 −8 (Dudbridge and Gusnanto 2008; Pe'er and others 2008) . Concerning the existing candidate genes for ADHD, the genome-wide association data do not provide support for any of the previously theorized genes (the analysis of these genes is discussed in more detail in Brookes et al., (2006) ). That is not to say that these genes are to be unequivocally rejected from consideration, but rather that the effect sizes for each of these variants must be small if they are real effects. This is consistent with the results of existing meta-analyses (Faraone and others 2005; Li and others 2007) .
The reasons for such small effects can arise for several potential reasons. First it may be correct that genetic risks for ADHD are due to numerous small additive effects of common risk variants. However, it is also possible that multiple rare variants of small to moderately large effect size could account for these findings. Alternative explanations include sample heterogeneity, the possible interaction of genetic variants either within or between genes; and their interaction with environmental risk factors. Such factors may also include copy number variants which may not be captured through the use of SNP association. Deeper coverage of the genome, different study designs, or greater homogeneity in the sample may yield further insight into the genetic causes of ADHD.
Additionally, we have shown that family-based association studies face a systemic bias in the transmission of the major versus the minor allele. As demonstrated in the supplementary methods, differential rates of missing genotypes may be the source of the problem. Given the clustering algorithms used for calling current genotyping technologies, the common homozygote is typically the class most accurately called, as cluster membership is high. Consequently, such bias in the TDT will be commonly observed. Clayton and colleagues demonstrated that differential missing rates in cases and controls can yield a bias in the association test statistic distribution. Differences in the probability of missing each genotype class, however, will not yield a bias in case control data, as long as they are equally applied to both groups.
Although the heritability of ADHD is high, this does not give an indication of the underlying genetic architecture, although it does imply that genetic influences are important for the aetiology of ADHD. Recent modeling of complex behavioural and biological traits in the mouse suggests that as heritability increases the number of genetic variants involved increases, though effect sizes of individual variants remain small (Flint and Munafo 2007) . For ADHD, our expectation is that novel genes for ADHD will be identified from GWAS once sufficient whole genome association data has been accumulated from the analysis of 10,000 -20,000 cases.
As the current study is part of the GAIN initiative, all data are available online at http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap. Access to the dataset requires gaining approval from the Data Access Committee, but the results disclosed here will be made available on the dbGap server for browsing. Additionally the top results from the TDT analysis described here are available upon request.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The QQ Plot of the TDT χ 2 from the genome-wide data Distribution of P values for selected candidate genes Table 1 Sample filtering and exclusion criteria from the full dataset
Quality control metric Individuals excluded
Call rate < 87% 10
Gender discrepancy 1
Sample heterozygosity < 32% 16
Per-family Mendelian errors of >2% 6
Total 33
This table annotates the exclusion of individuals from the initial GWAS. Call rate is based on all SNPs at the outset. The 87% threshold was chosen based on the distribution of missinginess, as was sample heterozygosity. Mendelian errors are impossible configurations of transmission from parent to offspring. A rate higher than 2%, we took to imply either sample mix-up or non-paternity. These exclusions were applied to all individuals in the study. The call rate conditional on minor allele frequency aims to identify distributional properties of the association test statistics. Mendel errors are impossible parent child transmission patterns. 15 samples were duplicated across the plates to assess the quality of the genotyping. If more than one pair of duplicates did not agree, then the SNP was excluded. Hardy-Weinberg Disequilibrium was tested in all individuals, with a strict threshold to protect against false positives on the HWD test being artificially excluded. Table 3 Descriptive Statistics on offspring in 909 trios used in the GWAS Included in this table is a breakdown of the different diagnoses for the TDT probands based on the IMAGE data. Additionally, average number of symptoms, the age of onset, and breakdown of the country of origin for the different families has been included for the 909 complete trios. 
